The continuous cuffless arterial blood pressure (ABP) can be calculated by the pulse transit velocity. Its accuracy is significantly influenced by the selection of the photoplethysmography (PPG) feature points. In this paper, we designed an assessment function to calculate the quality of PPG. The quality index indicates the reliability of PPG and helps to determine proper feature points. Kalman filter is used to fuse different PPG feature points for blood pressure calculation. This method is evaluated by the multiparameter intelligent monitoring in intensive care (MIMIC) database. The evaluation shows that it can get more accurate blood pressure results than those methods using fixed PPG feature points, especially when serious motion artefacts exist.
Introduction
The arterial blood pressure (ABP) is one of the most important vital signs for patients. The most off-the-shelf instruments for non-invasive blood pressure measurement are based on an inflatable cuff, which is applied to the arm and connected to an air pump.
The air pressure in the cuff is gradually increasing and then decreasing to during the measurement. These kinds of sphygmomanometers are uncomfortable for most patients and impossible for long-term continuous measurement.
A novel cuffless approach to estimate blood pressure has been studied for several years. It is much comfortable for long-term use as no cuff is required. In this method, ABP is related to the pulse transit time (PTT), which is the transmission time of the arterial pulse pressure wave from the aortic valve to the periphery (Payne et al., 2006) . The R-wave on the electrocardiogram (ECG) is regarded as the moment when the blood is being pumped from heart to arterial vessel. The corresponding pulse shock wave at the photoplethysmography (PPG) is regarded as the moment when the blood is arriving at finger. PTT is measured as the delay duration between the R-wave of ECG and the shock wave of PPG, and it decides the ABP accuracy.
The R-wave of ECG has obvious amplitude and it is easy to be identified by threshold detection mouthed. However, the wave of PPG is not very sharp, so it is difficult to identify a proper feature point for PTT calculation. This paper aims to improve the accuracy of cuffless ABP by assessing more than one feature points on PPG. It firstly designs a function to assess the PPG quality, and then use Kalman filter to fuse feature points for ABP calculation according to the quality conditions of PPG.
Methodology

ABP measurement based on PTT
The relationship of ABP and PTT is described in the below equation (Pitson and Stradling, 1998) :
where ABP is the arterial blood pressure, γ is a parameter describing the arterial blood vessel which value is 0.016-0.018 mmHg -1 , PTT is the pulse transit time, ρ is the density of blood, D is the diameter of blood vessel, S is the path distance from the heart to finger, E 0 is the Young's modulus of blood vessel at zero pressure condition.
Equation (1) can be re-written in a simplified form:
where a and b are variables related to a specific patient. In the ABP measurement, a conventional sphygmomanometer, ECG sensor, and PPG sensors are used at the initialisation stage to obtain ABP and PTT synchronously. Then, the variables of a and b can be calculated by polynomial curve fitting function. Once a and b are solved, the sphygmomanometer is not required any more. According to equation (2), ABP is calculated from PTT, a, and b.
Quality assessment of PPG
The common way to obtain PTT is to measure the duration from the R-wave of ECG to the peak point (Xu et al., 2014) or the valley point of PPG (Chen et al., 2000) . PPG is very sensitive to human body motion. As a result, the PPG usually has a lot of distortions and then make it difficult to choose a proper point to estimate the PTT (Yoon et al., 2009 ). This paper tries to identify the peak and the valley points of PPG synchronously, and then choose one to calculate PTT according to the corresponding PPG quality condition.
A typical ECG and PPG are shown in Figure 1 . Four features are used to assess the PPG quality.
PTT1: the duration from R-wave of ECG to the valley point of PPG.
PTT2: the duration from R-wave of ECG to the peak point of PPG. S1: the forepart of PPG, i.e., [valley point -100 ms] to the middle of PPG.
S2: the back part of PPG, i.e., the middle of PPG to [peak point + 100 ms].
The quality of PPG is estimated by the two hypothesis:
(1) The PPG is consistent with its polynomial curve fitting. Its aberration can be described with the root mean square error (rMSE).
(2) The ABP calculated with the peak point or the valley point of PPG is consistent. The disagreement means that the PPG has unusual distortions. According to hypothesis (1), for the kth heart beat, quality index η 11 and η 21 are defined as:
where e 1 and e 2 are the rMSE of polynomial fitting for segment S1 and S2 respectively, ∆ is threshold and is set to 10 times of average of e 1 and e 2 .
According to hypothesis (2), for the kth heart beat, quality index η 12 and η 22 are defined as
where U 1 and U 2 are the reasonable time error of PTT calculated with the peak point or the valley point of PPG. U 1 is set as [-10 ms, 10 ms] and U 2 is set as [-10 ms, 10 ms].
The quality index is defined as the combination of η 11 , η 21 , η 12 and η 22 :
where η 1 and η 2 indicate the quality of segment S1 and S2, respectively. When the PPG quality is good, η is close to 1. Otherwise, η is close to 0.
Data fusion with Kalman filter
The Kalman filter is the minimum-variance state estimator with Gaussian noise. It is capable of eliminating random disturbance with the measured values. Assuming ABP state X and ABP measurement Z are discrete-time controlled process, which is expressed as
where X(k) is the state vector at epoch k, A is the state transition matrix, U(k) is input, W(k) is the system noise, Z(k) is the observation at epoch k, H represents the observation matrix; V(k) is the measurement noise. The Kalman filter algorithm comprises of two steps named as prediction and update of estimation values, which are expressed as: Prediction:
Update of estimation:
Since the ABP does not change significantly in short duration, the parameters in equations (11)- (15) 
According to equations (16) and (13), when PPG quality is good, η is close to 1, and the gain K g (k) has high value. Otherwise, when PPG quality is poor, η is close to 0, and the gain K g (k) has low value. To improve the performance of Kalman filter, when η < 0.5, the current PPG is regarded too poor to calculate ABP, and it should be abandoned. The PPG segment S1 and S2 are extracted to obtain PTT1 and PTT2, ABP1
and ABP2, η 1 and η 2 . The results are processed with the Kalman filter. The final ABP result is:
Validation
The data processing approach is verified with the data from the multiparameter intelligent monitoring in intensive care (MIMIC) II database (Meng et al., 2011) . There are 72 sets of comprehensive physiologic data of patients. Ten sets of data are picked out and processed with our method. The steps of data processing are described below:
1 The R-wave of ECG is detected by comparing to a threshold.
2 The obvious abnormal data of ECG and the corresponding PPG and ABP are manually eliminated.
3 The peak point and the valley point are detected after wavelet processing and threshold comparison. In order to check the details, two partial dataset from 800 to 900, and from 2000 to 2200, are plotted in Figure 3 for comparison with three types of ABP calculations. Figure 3(a) shows the ABP estimation with PTT1, and there are big errors at 2100. Figure 3(b) shows the ABP estimation with PTT2, and there also are big errors at 2100. Figure 3(c) shows the ABP results with the data fusion method, and all errors are quite small. The figure shows that the data fusion can get more accurate results and can eliminate more disturbances than other methods. The ABP can be estimated by only PTT1 (R-wave of ECG to peak of PPG), by only PTT2 (R-wave of ECG to valley of PPG), and by data fusion of PTT1 and PTT2. The three kinds of ABP results are compared with the sphygmomanometer values. Their rMSE are listed in Table 1 . It clearly shows that the method of data fusion with PPG quality assessment has the lowest rMSE. 
Conclusion
The ABP is related to the PTT, and there are different defines of PTT. The two popular definitions of PTT are the duration from the R-wave of ECG to the peak of PPG, and the duration from the R-wave of ECG to the valley of PPG. This paper considers the two types of PTT and proposes data fusion method to use all of them. It firstly designs an assessment function to calculate the quality of PPG. Then, it uses Kalman filter to integrate the PPG quality index and PTT together for data fusion. Finally it calculates the ABP. This method is verified with the MIMIC database. The comparison results show that the data fusion method is capable of getting more accurate ABP than other conventional methods using single fixed PPG feature points.
